Microcrystalline silicon (mc-Si) films deposited using a Plasma Enhanced Chemical Vapour Deposition (PECVD) process constitute an important material for manufacturing low-cost, large-area thin-film devices, such as solar cells or thin-film transistors. Although the deposition of electronic-grade mc-Si using the PECVD process is now well established, the high substrate temperature required (∼ 300
INTRODUCTION
Prevention of climate change requires the use of carbon-free energy production technologies, such as solar power, wind power and fuel-cell technologies. The energy of solar radiation reaching the earth is many times greater than the current global power consumption, giving solar power a huge potential for future use. Although a large variety of technologies exist for solar energy conversion, photovoltaic solar cells are the most commonly used devices for the direct conversion of sunlight into electrical energy. Low-cost large-area thin-film photovoltaic solar cells (a-Si, Organic and DSSC) have been developed to compliment their high-cost, high-efficiency crystalline silicon (c-Si) counterparts 1 and are paving the way to low-cost renewable electricity. Furthermore, thin-film inorganic, organic and organic-inorganic hybrid solar cells on flexible substrates using high-throughput (often roll-to-roll printing) fabrication technologies can be integrated into, not installed on, various surfaces allowing the development of such advances as mobile energy harvesting systems or integrated solar cells, with the additional benefits of light weight and low cost.
Microcrystalline silicon (mc-Si) films deposited in a PECVD process constitute a very promising way to manufacture a low-cost, large-area thin-film devices such as solar cells or thin-film transistors. [2] [3] [4] Although the PECVD method is well established and allows fabrication of high quality films, 5, 6 it requires high temperature processing (∼ 300
• C). 7, 8 Unfortunately, some of the most common lightweight flexible substrates (PET, PEN) are not compatible with temperatures above 200 C. Thus, there is a need to develop PECVD deposition methods that produce high quality films at temperatures below 200
• C. Recent research has suggested that growing mcSi solar cells at plastic-compatible temperatures is a promising option, 9, 10 although further development is necessary to achieve optimum efficiency. Additionally, an accurate electrical and physical characterization of deposited layers is crucial to gain an insight into the physical principles governing the operation of mc-Si solar cells.
In this study, we report processing and characterization results of an intrinsic mc-Si layer made in a plasticsubstrate compatible process. In addition, the developed and evaluated layer was used to manufacture a p-i-n solar cell for currrent-voltage (J-V) and quantum efficiency characterization.
METHODS
The investigated intrinsic mc-Si layer was grown in the PECVD 13.56 MHz process and temperature of 150
• C. Prior the deposition of the silicon layer, samples were solvent-cleaned and dried using dry nitrogen. The deposition process was performed at a process pressure of 2 Torr and plasma power of 10 W, using a gas flow ratio of 1/100 for [SiH 4 ]/[H 2 ]. These parameters were defined on the basis of a literature review and previous experiments.
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Film thickness was measured using a Dektak 8 profilometer. To extract the conductivity of i-layer a dark, and photo current-voltage measurements were performed. A chromium-gap cells evaporated using shadow masks at a base pressure of 8.6
−7 Torr on a Corning Eagle 2000 glass substrate were measured using a Keithley 4200-SCS semiconductor analysing system. Structural properties and crystal volume fraction were investigated using a Raman spectroscopy system. Raman spectroscopy was performed using a Horiba Jobin-Yvon Labram HR800 UV-VISRAMAN on the glass substrate with a green laser light to ensure a penetration depth comparable to the sample thickness. X-Ray Diffraction (XRD) measurements were performed using a wavelength of 0,711Å at the power of 40kV 50 mA on mc-Si deposited on the glass substrate. Atomic Force Microscopy (AFM) was performed on the c-Si substrate using an 10 nm tip with the Veeco D3100 system. 12 The Fourier Transform Infrared Spectroscopy (FTIR) spectrum was measured using the Perkin Elmer System ONE on samples deposited on lightly doped p-type c-Si substrates. Additionally, a reference spectrum was obtained by measuring a bare substrate from the same batch treated in an identical way. Visualization of deposited microcrystalline layer and determination of the seed layer thickness were performed by Transmission Electron Microscopy (TEM) measurements using a LEO 912 OMEGA EFTEM.
Finally, based on results, the most promising i-layer was used for fabrication and measurement of solar cells with a p-i-n structure and area 4 mm 2 . The final structure was tested to extract its external and internal quantum efficiency, measured with an Automated Spectroradiometric Measurement System -OPTRONIC LABORATO-RIES. Additionally, the Oriel Sol3A Class AAA AM1.5G solar simulator calibrated with a NREL certified silicon solar cell, was used for J-V measurements that resulted with Isc, Voc, FF and Rs parameters of the tested solar cell.
RESULTS
The deposition rate of mc-Si achieved in this work was 0.5Å/s, which is relatively slow, compared to that of high-temperature mc-Si. This parallels the slower growth rate of device-grade low-temperature a-Si:H relative to high-temperature a-Si:H. In current research, the dark and illuminated photoconductivity of the mc-Si film was 8, 37
−7 Ω −1 cm −1 and 2,23
Raman spectroscopy provides a quantitative tool for measuring crystal volume fractions, based on Equation (1), as well as a qualitative tool for determining crystal size and stress in a sample.
where I A is the amorphous part of the signal, defined as the area under the 480cm −1 peak, I C is the crystalline component, defined as the area under the sharp peak at 520cm −1 , I GB is the grain boundary signal attributed to the peak at 510cm −1 , α is the ratio of phonon scattering cross-sections of crystalline silicon to amorphous silicon. This ratio was assumed to be 0.8. Raman spectra collected in Raman measurements is dependent on the depth of each phase. Thus, the relative proportion of peaks attributed to the a-Si and mc-Si phases on the Raman spectra of the silicon thin-film sample can be used as an indication of the crystal volume fraction of the deposited film. Based on this, we may extract a crystal volume fraction of 76, 8 ± 0, 5%.
Moreover, mc-Si grain size was extracted from the XRD using the Scherrer Equation 13 (2):
where τ is the size of microcrystals, K is the shape factor, λ is the x-ray wavelength, β is the line broadening at half the maximum intensity (FWHM) in radians, and θ is the Bragg angle, from which the grain size of 24.5 nm was extracted. This was further verified by examining the surface topography obtained from AFM - Fig. 2 , which shows a fairly uniform mc-Si film with features measuring about 30 nm. with the stretching vibration mode of Si-O points to the presence of silicon oxide, due to post-deposition oxidation of the thin-film, mediated though the vacuum and dislocations at grain boundaries. Photo and dark J-V characteristics and quantum efficiency of the p-i-n solar cell are depicted in Fig. 5(a) and Fig. 5(b) , respectively. As the quantum efficiency results indicate, a significant difference between the external and internal quantum efficiency of the measured cell can be observed, suggesting that external quantum efficiency is mostly caused by optical losses during transmission and reflections. Table 1 summarises the key performance parameters of the fabricated solar cell. A dark J-V measurement was used to extract the the solar cells series resistance. 
DISCUSSION
Characterization of the deposited intrinsic layer indicates poor electrical properties compared to films deposited at higher temperatures. State of the art single-junction microcrystalline solar cells fabricated in temperatures above 400
• C achieve power conversion efficiencies of 10%, 16 while the solar cell fabricated in this work has an efficiency of 0.5%. Nevertheless, electrical and physical characterizations highlight the weak points responsible for its low power-conversion efficiency. Extracted from Raman spectroscopy, the crystal volume fraction suggests a microstructure resembling that of the state-of-the-art mc-Si. However, the achieved volume fraction is an underestimate, due to the effect of a 10 nm a-Si:H incubation layer on the 150 nm thick mc-Si:H layer. This combined with the mc-Si:H film evolution with thickness, the mc-Si:H film grown in this work is expected to have a higher crystallinity. As for grain size, the grain size of ∼ 30 nm, extracted from AFM and XRD, and validated by TEM/STEM, is within the desirable range and consistent with the state-of-the-art mc-Si:H. FTIR suggests a high Si-O bonding content in the mc-Si:H film, which may be caused by voids, as shown in the TEM image. Oxygen in mc-Si has been attributed to p-type deep defects, 17 leading to a reduction in solar cell efficiency via increased recombination loss and photo-response at the infrared range. 18 The low short-circuit current density of the solar cell can partly be attributed to optical losses caused by the thin mc-Si:H i-layer (150 nm) used in this work. This is because a low photon-absorption coefficient (compared to CIGS, organic or aSi:H) leads to incomplete light absorption and, therefore, a low rate of photocarrier generation. Although greater in thickness (in the range of few um), mc-Si:H suffers from high mechanical stress, caused by low deposition temperature, which leads to a delamination of the film from the substrate. In addition to the low Isc value, the solar cell exhibits a relatively low FF, which can be partially attributed to high series resistance, as well as to recombination of photocarriers due to defects within the i-layer. Also the Voc value of the cell was rather low, affected mostly by the high crystallinity ratio, which is the limiting factor. 19 Compared to the state-of-the-art cell, the fabricated solar cell exhibits a very low spectral response in the red spectrum. This is caused by a high defect density at grain boundaries, corresponding to the porous structure and thickness of the i-layer. Spectral response and, therefore, short-circuit current, can be improved significantly by using an optimized back reflector and by increasing the i-layers thickness. As a conclusion, the results highlight the feasibility of low-temperature mc-Si:H solar cell fabrication using PECVD. However, further development is needed to increase the overall efficiency of mc-Si flexible solar cells.
